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Local Structure and Strain-Induced Distortion in

Cep 3Gdp 2019

By Anna Kossoy, Anatoly I. Frenkel,* Qi Wang, Ellen Wachtel, and

Igor Lubomirsky*

Cerium oxide, in both pure and doped forms, is one of the most
important and extensively studied oxygen ion conductors. It
exhibits a number of interesting properties including ionic
conductivity due to the high mobility of oxygen vacancies, a series
of different phases formed upon reduction,”! dependence of the
lattice parameter and electrical properties on grain size,”) and
non-linear elastic effects, which have been named “chemical
stress”®! and “chemical strain”.*"® Recent structural studies,
both theoretical” and experimental,® ' have been aimed at
understanding the mechanism of interaction between the cations
and the oxygen vacancies. These interactions are thought to be
directly responsible for a number of effects such as resistance to
radiation damage,!'"! vacancy ordering leading to phase trans-
formations,%!*! dependence of ionic conductivity on the ionic
radius of the dopant™ and the non-linear elastic effects.
Furthermore, in addition to the fluorites, cation-vacancy inter-
actions are observed in a number of other solids with a large
concentration of oxygen vacancies, for instance, perovskites.!"”)
Therefore, characterizing the details of cation-vacancy interac-
tions in Cey gGdy ,01.9 may have implications for a wider range of
materials.

One property in which the cation-vacancy interaction is
thought to be directly implicated is the chemical strain effect,
which is the ability of thin films of CeygGdy ;01 9 to exhibit two
different elastic moduli at temperatures below 200 °C.> This
effect is accompanied by an absolute change in volume of ~0.2%
even when the external stress is homogeneous, which distin-
guishes it from the Gorsky, Snoek"® or Zener!"”) effects. The
chemical strain effect has been tentatively attributed to a change
in specific volume due to the interaction of the Gd*" ions with
oxygen vacancies (5% of all oxygen sites in Ceo.8Gd,01 o+ 18]).
However, no evidence has been presented that the rearrangement
of vacancies in Cey gGdy,01 ¢ can be stress-induced, or even takes
place at all. The present study uses extended X-ray absorption
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fine-structure (EXAFS) spectroscopy to evaluate the local
structure of strain-free nanocrystalline films of CeygGdg 019
and to compare it with that of CeygGdo 01 9 films with in-plane
compressive strain of 0.3% =+ 0.1%. Since the lattice parameter of
Ce.3Gdg 0 9 varies by a few tenths of a percent, depending on
the preparation route and sample history,® the X-ray diffraction
(XRD) and EXAFS measurements were performed on the same
samples, thus permitting direct comparison of the local ion
arrangement with the long-range structure. We report that even
in strain-free CeggGdo 019, interaction of oxygen vacancies
with Ce*" ion neighbors is favored, rather than interaction with
Gd*" ion neighbors. As a result, Ce*™ ions are shifted away
from the oxygen vacancies. Furthermore, compressive strain of
0.3% =+ 0.1% causes the Ce—O bond to contract by 1.0% =+ 0.5%,
whereas other bonds remain much less affected. This anomalous
Ce—O bond contraction potentially offers a microscopic
explanation for the chemical strain effect observed in
Ceo.5Gdo,01.9.

Films of CeygGdy ;019 (200-450nm) were deposited on a
(001) Si substrate by RF sputtering and then annealed as
described in refs. I°. The films were kept at room temperature
for > 4 months to achieve a constant value of the lattice
parameter, indicating that the low-temperature equilibrium of
the point defects had been reached.” After annealing, the
in-plane stress in the CeygGdy,01.9 films was found to be less
than 30 MPa.l*! The sputtering conditions were adjusted so that
the annealed films comprised two groups: (1) those films that
were strain free after annealing and (2) those that had a residual
compressive strain of 0.3% =+ 0.1%. The presence of strain was
evident from the anisotropy of the d-spacings as measured by
XRD in the iso-inclination mode.! According to XRD data,
acquired in the ©®-260 mode (with O offset of 3° for thin films in
order to suppress Si single-crystal reflections from substrate), all
films and the reference CeO, and Ce( gGd,01.9 powders were in
a single fluorite phase (Fig. 2 in this work and Fig. 2 in Ref. [6]).
The lattice parameters of the powders (milled parts of the
sputtering targets, grain size > 1pm) determined from high-
angle (26 > 80°) measurements!'” were 5.411 A and 5.425 A for
CeO, and Cey sGdy,01 .0, respectively.'®>"!

The EXAFS spectra of the Ljj; edges of Ce and Gd were
collected on beam lines X18B and X19A of the National
Synchrotron Light Source at Brookhaven National Laboratory
(Fig. 1). To decrease correlations among the variables in the fit to
the CepgGdo,01.9 EXAFS data, we performed multiple edge
analysis by fitting the Gd and Ce edge data simultaneously.
Therefore, the EXAFS results could be obtained more reliably not
only for the INN (cation-oxygen) pairs, but also for the 2NN
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(cation—cation) pairs. Best fit values of structural parameters
obtained by EXAFS analysis are reported together with their
uncertainties defined as the 95% confidence limits. Standard
CeO, and Ce(gGdy,01.9 powders were used to verify the fitting
with the IFEFFIT data analysis package and the EXAFS-derived
bond lengths in the strain-free films of CepgGdy,019 were
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Figure 1. Fourier transform magnitudes of the L;; edge EXAFS spectra of
Ce and Gd for a) powders and thin films of Cep §Gdg ;019 with and without
strain, and b) data and FEFF6 fits.
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measured to be the same as in the powders, within the
uncertainties (Table 1, Fig. 2). Further experimental details
concerning the EXAFS data acquisition and fitting are given in
the Supporting Information.

For strain-free films, the length of the Gd—O bond,
Leg—o = 2. 375 £ 0.016A, is greater than the length of the
Ce—O bond, Lc..0=(2.325+£0.007) A, which is consistent Wlth
the difference in the ionic radii between Gd** (rgge = 1.194)
and Ce*" (rgu: = 1. 11A) (21] However, the XRD-derived bond
length IXRD = (2.349 0. 002)A is much larger than the
weighted average:

Leation-0 = 0.2Lga_0 + 0.8Lce_o = (2.335 £+ 0.007) A (1)

although one would expect that for a single-phase material
the weighted average of the 1NN bond lengths would be close to
the XRD-derived values.?>?*) The observed difference may be
attributed to the presence of 5% oxygen vacancies, which do not
contribute to the EXAFS-derived cation—oxygen distances but
affect the XRD-derived average 1NN distance. Thus the average
cation-vacancy distance can be estimated as:

XRD
(LCution—O

LCatioanacuncy = - O~95LCatian—O)/0~05

= (2,615 +0.14)A )

Equation (2) implies that either one or both cations shift
away from the vacancy by AL = Lcaion—vacaney — Linp, o =
2.615A — 2.355A = (0.27 + 0.16)A. However, because the aver-
age structure of the material remains that of the fluorite phase,
one must conclude that the shifts of the individual cations do not
display long range correlations and only local deviations from the
average fluorite structure are present.

The EXAFS-derived Gd-Ce distance for powders,
Lcace=(3.81140.015) A, is considerably shorter than the
Ce—Ce distance (Lcy.co= (3.846+0.008) A) for powders and
strain-free films (a total of five samples studied). Using the
EXAFS-derived value for Lg,.cqin Ref. [9], (3.91+0.1) A, one can

see that the concentration-weighted average value of the
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Figure 2. High-angle diffraction patterns of target powders. Both samples
are consistent with a single-phase fluorite structure. Peak splitting is due to
the presence of Cu Ka2. The Miller indices are shown.
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Table 1. Inter-atomic distances and mean square relative displacements (0,2) derived from EXAFS analysis of CepgGdo 019 powder and thin films.

Bond type XRD (a=5.425 A) Powder Annealed film without strain Annealed film with strain
Gd-O R (A) 2.349 2.375+0.016 2.375+0.008 2.365+0.015

o* (A?) 0.007 +0.002 0.006 +0.001 0.007 +0.002
Ce-O R (A) 2.349 2.319+0.007 2.3254+0.008 2.302 +0.007

o* (A?) 0.003 +0.001 0.002 +0.001 0.001+0.001
Gd-Ce/Ce-CGd R (A) 3.836 3.811+0.015 3.818 +0.009 3.788 +£0.017

o* (A?) 0.008 +0.002 0.010+0.001 0.010 +0.002
Ce—Ce R (A) 3.836 3.846 +0.008 3.844 +0.008 3.829+0.010

o* (A?) 0.004 +0.001 0.003 +0.001 0.004 +0.001

cation—cation bonds matches the XRD value ((3.836 £ 0.002) A):

LCation-Catian = (08)2 . LCe-Ce +2-08-0.2- LGd-Ce

+(0.2)? Loggg = 3.837TA (3)

The large derived cation-vacancy distance (Eq. 2) and the fact
that Lggce < Lee.ce While Le,.o < Lgao, taken together, indicate
that the probability of finding a vacancy in the vicinity of a Gd ion
is less than that for a Ce ion. This conclusion is supported by
theoretical calculations: the defect association energy disfavors
interaction of large dopants with oxygen vacancies.”! Therefore,
in the case of Ce( 3Gdg01.9, Ce‘”-oxygen vacancy interaction is
favored. Similar relations among the bond lengths for Ce-Gd-O
and Ce-Y-O powders were obtained by Deguchi et al. using K-edge
EXAFS analysis.®] The conclusion that there is a strong
interaction between vacancies and cations is also consistent with
the fact that solid solutions Ce;_,Gd,O; ./, (0<x<0.4) with
nominally fluorite structure exhibit a strong deviation from
Vegard’s law' (Fig. 1 in Ref. [6]).

The mean EXAFS-derived Ce-O inter-atomic distance in the
films with compressive strain of 0.3% +0.1% is smaller by
1% +0.5% than the mean distance in the strain-free films
(Table 1, Fig. 3) and the difference is statistically significant. On
the other hand, the Gd—O, Gd-Ce, and Ce-Ce distances show
either non-significant or marginally significant contraction with
respect to the powder or strain-free film (Fig. 3). Therefore, while
the Gd—O environment is stable in the presence of macroscopic
strain, the Ce ion shifts further away from the vacancy towards its
oxygen neighbors by more than would be expected from the
magnitude of the strain. This difference in behavior of the Gd—O
and the Ce-O bonds under strain is consistent with the
conclusion that the oxygen vacancies prefer the Ce*" environ-
ment. We suggest that this finding offers a microscopic
explanation for the elastic anomalies, i.e., chemical strain effect,
observed in Cey sGd ,01 o. The additional shift of Ce*" ions away
from the vacancies is an efficient strain-relieving mechanism and
may be the most probable cause for the net change in volume
(>0.2%) observed under strain.”’! One should note that the
chemical strain effect in CeogGdg,01 o vanishes above 250 °C®
where the mobility of the vacancies is still very low. Therefore,
although strain-induced reorientation of a Ce*-vacancy pair,
similar to the Zener effect (stress-induced reorientation of
asymmetric defects),!'”!is possible, it is not expected to contribute
significantly to the stress-relaxation in CeygGdy,01.o.
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Three conclusions may be drawn from our findings. First, in
CepsGdp2019 at room temperature, interaction of oxygen
vacancies with Ce*" ion neighbors is favored, rather than
interaction with Gd*™ ion neighbors. The Ce-vacancy distance
is larger than predicted by the XRD-determined fluorite structure.
Most probably, this is also true for other aliovalent-doped ceria
where the dopants are larger than the host cation. Second, the
observed anomalous change in the local environment of Ce*"
under compressive strain is a probable cause of the deviation from
linear elasticity in Cey sGdg 01 .0.>® One would expect that other
pure and doped ceria compounds containing a large concentration
of vacancies will also exhibit elastic anomalies if the dopant ion is
larger than Ce*™, including the case of oxygen deficient ceria,
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Figure 3. EXAFS-derived bond lengths for a) cation-anion and

b) cation—cation pairs obtained for the coarse-grain powders and thin
films of CepgGdg,01.9 with and without compressive strain (data taken
from Table 1).
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CeO,_,. Ce*" is much larger than both Gd*" and Ce*" and
should facilitate local distortion. One may expect that similar
strain-induced effects may be observed in other solids containing
oxygen vacancies and two or more ions of different radii in
equivalent crystallographic positions. Third, the shift of cations
away from an oxygen vacancy may ease the transfer of neighboring
oxygen ions into the vacancy. Therefore, our findings provide
additional insight into the microscopic origin of the unusually high
mobility of oxygen vacancies in pure and doped ceria.

Our findings may also have considerable practical importance
for the rapidly developing field of microscopic fuel cells./** Elastic
compatibility of materials can play a critical role in these devices
because of the extreme temperature variations which they
experience. The fact that dopants similar to Gd in ceria, not only
increase ionic conductivity!®” but would also be expected to
modify elastic properties, may provide a new way to deal with
thermally induced stress.
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